All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Dengue virus (DENV), a member of the *flaviviridae* family, is the causative agent of dengue fever and dengue hemorrhagic fever. DENV and its *Aedes sp*. mosquito vectors are widely distributed in tropical and subtropical regions and is the most prevalent arthropod borne viral pathogen worldwide. Approximately half of the world's population is at risk of being infected, resulting in up to 390 million reported cases of infection yearly. Roughly 1 million infections develop into severe disease of which nearly 2--5% is fatal \[[@pntd.0005071.ref001],[@pntd.0005071.ref002]\]. More than 125 countries are endemic to DENV, but geographical expansion is expected to increase due to climate change, globalization of travel and trade and viral evolution \[[@pntd.0005071.ref003]--[@pntd.0005071.ref006]\]. Additionally, dengue is a complex disease resulting in a wide variety of clinical symptoms. The majority of infections are very mild or clinically in apparent. Infections are often misdiagnosed due to similarities between other prevalent tropical diseases. When symptoms are present, most patients undergo a sudden onset of fever that remains for 2--7 days, accompanied by arthralgia, myalgia and skin rash \[[@pntd.0005071.ref007]\].

The dengue virus complex consists of 4 distinct serotypes designated DENV1-4. Primary infections induce long-term protective immunity to the serotype of infection only. Individuals are susceptible to secondary infections with a new serotype. Secondary heterotypic infections are associated with the more severe and potentially fatal dengue hemorrhagic fever or dengue shock syndrome \[[@pntd.0005071.ref008]\]. As protective immunity to just one serotype may increase risk of disease upon exposure to other serotypes, leading dengue vaccines are based on tetravalent formulations to induce simultaneous immunity to all 4 serotypes. Several vaccine platforms are currently in preclinical or clinical development. These include live attenuated virus vaccines, live chimeric vaccines, inactivated virus formulations, recombinant virus vaccines, DNA and subunit vaccines \[[@pntd.0005071.ref009]\]. Live virus formulations have progressed into clinical trials. The leading candidate, which has been tested in two large efficacy studies, demonstrated partial efficacy that varies between serotypes and based on the prior dengue exposure history of individuals \[[@pntd.0005071.ref010]\]. Moreover, in some populations, the vaccine appeared to transiently increase risk of disease when people were exposed to a natural infection \[[@pntd.0005071.ref010]\]. Recent advances in molecular biology have shown the safety and potential of rationally designed vaccine candidates, moving away from the whole virus paradigm and directing vaccinology towards subunit vaccine formulations. Subunit approaches for dengue generally involve the exploitation of E-protein as the major immunogen \[[@pntd.0005071.ref011]--[@pntd.0005071.ref014]\]. Even though several protein-based subunit vaccine approaches appear immunogenic and effective in small animals models, they have generally not been as immunogenic in primates \[[@pntd.0005071.ref015]\].

The induction of an efficacious and protective immune response relies on proper antigen presentation to antigen presenting cells (APCs) including B cells, dendritic cells (DC) and macrophages, which are directly associated with production of antibodies and activation of T-lymphocytes and induce adaptive immunity leading to protective immunological memory. In general, subunit antigens as vaccine candidates are poorly effective as vaccine candidates due to size, degradation, non-specific targeting, the lack of cross-presentation and poor uptake by APCs. Coating soluble antigens to carriers is an effective strategy to increase the immunogenicity of weak immunogens. In the past decades, controlled release of prophylactic antigens has been achieved using nanoparticle vehicles or carriers composed of biodegradable polymers. One of the most promising aspects of coating subunit peptides to nanoparticle carriers is the potential to mimic structural and immunogenic features of the target pathogen. In addition to the generation of an antigen depot, the enhanced adjuvanticity of nanoparticles also contributes to enhanced vaccine efficacy by particulate antigen presentation and efficient targeting of APCs \[[@pntd.0005071.ref016]--[@pntd.0005071.ref019]\].

The pharmacokinetic characteristics of nanoparticles depend on the intrinsic properties of the particle itself. Particle size could have implications on APC uptake, biodistribution and bio-availability. Smaller particles are phagocytosed slower than larger particles, which contributes to better distribution by rapid dissolution \[[@pntd.0005071.ref020]\]. Therefore, the optimization of nanoparticle composition, size and shape depends on disease target and application characteristics. One of the most commonly used polymeric nanoparticles are poly (lactic-co-glycolic acid) (PLGA) particles, a biodegradable polymer that can be tailored to vary degradability and release. A wide range of PLGA-based drug delivery systems have been used for the treatment and diagnosis of many diseases and disorders \[[@pntd.0005071.ref021]--[@pntd.0005071.ref023]\]. Many different fabrication processes have been utilized to produce PLGA based nanocarriers, out of which the PRINT (Particle Replication In Non-wetting Templates) process stands out in its capacity to control particle parameters \[[@pntd.0005071.ref021],[@pntd.0005071.ref024]--[@pntd.0005071.ref028]\]. The PRINT process creates monodispersed particles of uniform shape and size, is a scalable process and can be used to encapsulate or to be decorated with both hydrophilic and hydrophobic biological cargo \[[@pntd.0005071.ref029]--[@pntd.0005071.ref032]\].

Here we describe the results of studies to assess cationic PRINT PLGA nanoparticles of different size and shape as a platform for the delivery of a DENV2 E-protein (sRecE) antigen based vaccine. We demonstrate that PRINT nanoparticle adsorbed sRecE was maintained at the site of vaccination and within draining lymph nodes more efficiently than soluble antigen. The adsorbed antigen also induced higher IgG titers and DENV-2 specific neutralizing antibodies than soluble antigens.

Material and Methods {#sec002}
====================

Cells and viruses {#sec003}
-----------------

Vero cells were maintained as monolayer cell cultures at 37°C with 5% CO~2~, in DMEM (Gibco) media supplemented with 1% non-essential amino acids, 100 U/ml penicillin, 100 μg/ml streptomycin and 5% fetal bovine serum (FBS), which was lowered to 2% during infection.

EXPI293-cells were used for the production of sRecE and were maintained as a suspension culture in EXPI293 Expression Medium (Life Technologies). Cultures were passaged to 3×10^5^ cells/ml when cell densities of 3.5×10^6^ cells/ml were reached.

DENV1 WestPac-74, DENV2 S-16803, DENV3 CH53489 and DENV4 TVP-376 virus strains were used in the present study to determine antibody titers and in neutralization assays.

Recombinant DENV2-E protein production and purification {#sec004}
-------------------------------------------------------

The soluble recombinant DENV2 envelope protein (sRecE, aa1-395) was expressed using the EXPI293 transient expression system (ThermoFisher) using manufacturer supplied protocols. The N-terminal IL2 secretion leader peptide was fused to the DENV2 prM-sRecE cassette. sRecE was equipped with a C-terminal 6x histidine purification tag sequence (SSGGSHHHHHH) and expression was driven by a CAG (CMV early enhancer β actin) promoter. Supernatants were concentrated and buffer exchanged into a Ni^+2^ binding buffer (50mM NaPO~4~, 500mM NaCl, 25mM imidazole, 0.02% Na-Azide) via a tangential flow filtration and subjected to Ni^+2^ affinity chromatography. After washing with Ni^+2^ binding buffer, the Ni^+2^ column was step eluted with elution buffer (50mM NaPO~4~, 500mM NaCl, 500mM Imidazole 0.02%, Na-Azide, 10% glycerol). The fractions containing envelope protein were pooled and concentrated before being subjected to size exclusion chromatography using a 16/60 Superdex S200 column that was equilibrated with PBS containing 10% glycerol. Fractions with envelope protein were pooled, concentrated to 3mg/ml, flash frozen in liquid N~2~, and stored at -80°C. The resulting envelope protein was \>95% pure as assessed by SDS-PAGE.

Protein analysis {#sec005}
----------------

Purified sRecE protein fractions were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western Blot (WB) and Coomassie Brilliant Blue (CBB) staining. 100 ng sRecE was resuspended and denatured in a gel loading buffer containing SDS. Following electrophoresis, proteins were transferred to a nitrocellulose membrane and blocked with 3% skim milk in TBS + 0.05% Tween-20 for 1 hr at RT. Next, membranes were subjected to 0.5 μg/ml 4G2 Mab in blocking buffer for 1 hr at 37°C. Membranes were washed 3 times with blocking buffer and treated with HRP-conjugated anti-mouse IgG (1:1000 in blocking buffer) for 1 hr at 37°C. After washing, the membranes were developed using ECL Prime Western Blotting Detection Reagent (Amersham).

sRecE antigen capture ELISA to assess protein conformation {#sec006}
----------------------------------------------------------

Ni^2+^-coated plates (Pierce) were coated with 100ng/well sRecE in TBS buffer (50 mM Tris, 150 mM NaCl, pH 7.5) for 1 hr at 37°C. The plates were washed (TBS+0.05% Tween-20) and blocked (washing buffer + 3% skim milk) for 1 hr at 37°C. The blocking buffer was discarded and the plates were incubated with 100 ng/well of the indicated mouse-derived (4G2, 3H5, DV2-46, 8A1) or human-derived (1M7, DVC-10.16, 2D22) Mabs in blocking buffer for 1 hr at 37°C. After incubation, plates were washed and treated with alkaline phosphatase (AP) conjugated α-human IgG (Sigma, 1:2500) or α-mouse IgG (Sigma, 1:1000) in blocking buffer for 45 min at 37°C. Plates were subsequently washed and developed using AP-substrate (Sigma). Absorbance was measured at 405 nm.

Particle fabrication and characterization {#sec007}
-----------------------------------------

The PRINT technology was employed to manufacture the monodisperse PLGA (50:50, 35 kDa, Lakeshore Biomaterials) particles as previously published \[[@pntd.0005071.ref021],[@pntd.0005071.ref023]\]. Briefly, PLGA and DC-cholesterol (Avanti Polar lipids) were dissolved in chloroform (90:10 weight ratio) and casted into a thin film on a PET-sheet (KRS plastics). The film was then placed in contact with the patterned side of the molds and passed through a heated nip (ChemInstruments Hot Roll Laminator). The film was split and the filled mold was placed on second PET-sheet and subsequently passed through the laminator to transfer particles from mold to the PET-sheet. Next, the PET-sheet was incubated in water supplemented with 0.1 wt% polyvinyl alcohol (PVOH) to harvest particles. The particle suspension was sterilized using a 0.2 μm polyether sulfone membrane (Millipore) and purified by tangential flow filtration with a 0.05 μm polysulfone hollow fiber membrane (Spectrum Laboratories). The size and ζ-potential measurements were conducted on PLGA particle dispersions in 1 mM KCl solution using Zetasizer Nano ZS particle analyzer (Malvern Instruments) ([S1 Table](#pntd.0005071.s001){ref-type="supplementary-material"}). Particle concentration was determined by thermogravimetric analysis (TGA) (TA Instruments). The actual loading level of DC-cholesterol was determined by reverse phase High-performance liquid chromatography (HPLC) with an Evaporative Light Scattering Detector (ELSD).

sRecE adsorption to PLGA particles {#sec008}
----------------------------------

sRecE (theoretical PI = 6.83) was incubated with NPs at indicated ratios for 15 min at RT in 0.1% polyvinyl alcohol (PVOH) in water. The particles were then pelleted by centrifugation for 15 min at 21000 × g. The amount of residual soluble protein was determined by a Quanti-iT Protein Assay Kit (Life Technologies) following manufacturer's instructions. For immunizations in mice, the formulations also contained 9.25% sucrose to be isotonic (pH 7.4).

Transmission electron microscopy {#sec009}
--------------------------------

Discharged copper 400 mesh formvar carbon coated grids (Ted Pella Inc, Redding, CA, USA) were loaded with 10 μl PLGA particle solution for 5 mins at RT and washed 3 times in MilliQ water. The grids were stained 30 sec with 2% uranyl acetate. Excess uranyl acetate was removed and grids were air-dried at RT and observed with a LEO 910 transmission electron microscope (Zeiss).

Mouse immunizations {#sec010}
-------------------

Female Balb/c mice were purchased from Jackson Laboratory and used at age 6--12 weeks. All experiments involving the mice were carried out in accordance with an animal use protocol approved by the University of North Carolina Animal Care and Use Committee. Mice were euthanized by CO~2~ followed by cervical dislocation. Mice were immunized subcutaneously in the flank with 5 μg soluble (s)RecE (n = 4), sRecE+500 μg Alum (n = 4), PBS (Vehicle n = 3) or RecE adsorbed to 500 μg of PLGA/DC-chol (n = 5 per size; 80x320 nm, 80x180 nm, 55x70 nm and 200x200 nm) particles, on day 0, 21, and 63. All groups were immunized with same antigen dose, Serum samples were collected by submandibular bleeding on day 21, 28, 70, 98, 154, and 210.

Evaluation of vaccine induced antibodies by IgG End Point Dilution Assay {#sec011}
------------------------------------------------------------------------

ELISA plates were coated with 100 ng/well of IM7 Mab in 50 mM carbonate/bicarbonate buffer and incubated overnight at 4°C. The next day, the plates were washed in washing buffer (PBS with 0.05% Tween-20) and blocked with blocking buffer (washing buffer + 3% skim milk) for 1 hr at 37°C. Next, plates were loaded with DENV2 in blocking buffer and incubated for 1 hr at 37°C. After washing, the immunized mice sera was serially diluted in blocking buffer and loaded on the plates for 1 hr at 37°C. The plates were washed and subjected to AP-conjugated α-mouse IgG (Sigma, 1:1000) for 45 mins at 37°C and developed after washing with AP-substrate (Sigma). Absorbance was measured at 405 nm. The vehicle group was used to determine the background signal of the assay. The dilution where the sera from the experimental groups reaches background levels was calculated using GraphPad Prism software and used a measure of end point dilution titer.

Evaluation of vaccine induced antibodies by DENV neutralization assay {#sec012}
---------------------------------------------------------------------

We used a flow cytometry based neutralization assay to measure DENV neutralizing antibodies, which has been previously described in detail \[[@pntd.0005071.ref033]\]. In brief, Vero cells were seeded in a 96-well culture plate at 2.5×10^4^ cells/well and incubated 24 hrs at 37°C. Mice sera were serially diluted in OptiMEM (Gibco) supplemented with 2% FBS. The appropriate amount of virus to establish a \~ 15% infection (determined previously) is added to the diluted sera and incubated 45 min at 37°C. Next, the cells are washed once with OptiMEM and the virus incubated with sera is added to the cells for 2 hr at 37°C. After incubation, the cells are washed once with growth medium and incubated overnight (ON) in 200 μl growth medium at 37°C. The next day, cells are washed with phosphate buffered saline (PBS) and treated with 0.05% trypsin (Gibco) for 10 min at 37°C. Detached cells were resuspended in PBS and transferred to a new 96-wells round-bottom culture plate and spun down at 1500 rpm for 5 mins. Cells were fixed in 4% paraformaldehyde and incubated for 10 min at room temperature (RT). Next, 150 μl permeabilization buffer was added to the fixed cells and spun down 5 min at 2500 rpm. Cells were washed once in perm buffer and spun down. Next, cells were blocked in permeabilization buffer supplemented with 1% normal mouse serum for 30 min at RT. Cells were subsequently incubated with Alexa fluor 488 conjugated anti-prM Mab 2H2, diluted 1:400 in blocking buffer for 1 hr at 37°C. Cells were washed in perm buffer and finally resuspended in FACS buffer. The percentage of infected cells was determined by flow cytometry using a Guava Flow Cytometer (EMD Millipore) and the neutralizing efficiency of the sera was expressed as neut~50~ values (the dilution where 50% of the virus was neutralized) calculated using GraphPad Prism software.

Lymphatic drainage studies {#sec013}
--------------------------

RecE was labeled with fluorescent dye Alexa Fluor 647 using Alexa Fluor 647 Protein Labeling Kit (Life Technologies). Lymphatic drainage of antigen was examined as previously described \[[@pntd.0005071.ref032]\]. Mice were injected subcutaneously in the rear right footpad with 2 μg RecE-Alexa Fluor 647 alone or adsorbed to 50 μg PLGA particles in 40 μL volume. Mice were sacrificed at 1, 6, 24, 48 or 72 hr post injections. Draining popliteal lymph nodes and footpads were resected, and imaged for total fluorescence using IVIS Lumina (PerkinElmer) imaging system with excitation at 640 nm and Cy5.5 emission filter. Analysis was done using Living Image software, version 3.2.

Cell uptake of antigen by bone marrow derived dendritic cells (BMDCs) {#sec014}
---------------------------------------------------------------------

Bone marrow was collected from mouse femurs and tibias as previously described \[[@pntd.0005071.ref034]\]. Erythrocytes were lysed by NH~4~Cl. Bone marrow cells were subsequently cultured at 2x10^6^ cells/ml in RPMI 1640 (Gibco) supplemented with 10% FBS, 2 mM L-glutamine, 10 U/ml penicillin and 10 μg/ml streptomycin, 50 μM 2-mercaptoethanol, 10 ng/ml IL-4 and 10 ng/ml granulocyte---macrophage-colony stimulating factor (GM-CSF). The culture medium was replaced with fresh medium on day 3. BMDCs were harvested on day 6 and further purified with Opti-Prep density medium (Sigma) to remove dead cells. To test cellular uptake of antigen, RecE-Alexa Fluor 647 was mixed with PLGA particles in H~2~O and incubated at room temperature for 15 min, after which complete growth medium (RPMI 1640 with 10% FBS) was added. Day 6 purified BMDCs were dosed with samples for 24 hr at 37°C. Cells were washed twice with PBS, fixed with 4% paraformaldehyde for 10 min at RT. Next, cells then stained with 30 μM DAPI for 20 min at room temperature. Cells were washed, mounted with Fluorsave (EMD Millipore), and examined with a Zeiss 710 confocal microscope (Zeiss).

Results {#sec015}
=======

Expression, characterization and adsorption of DENV2-sRecE to PLGA nanoparticles {#sec016}
--------------------------------------------------------------------------------

The DENV2 (S-16803) full prM sequence and the ectodomain of E (aa1-395) with a C-terminal histidine tag was cloned downstream of an IL2 leader sequence ([Fig 1A](#pntd.0005071.g001){ref-type="fig"}) in the pAH-expression vector. Secreted RecE (sRecE) was produced in EXPI293 cells and purified from the supernatant using His-affinity chromatography. Analysis of the final product by Coomassie Brilliant Blue (CBB) staining and Western blot (WB) detection with mouse Mab 4G2 showed high yields of purified recombinant protein ([Fig 1B](#pntd.0005071.g001){ref-type="fig"}). sRecE had a slightly lower molecular weight (expected size of \~45kDa) then the full length wildtype E-protein control containing the membrane proximal and integral regions of the protein. To analyze sRecE structure and epitope accessibility, the His tagged protein was loaded on Ni^2+^-coated ELISA plates and detected using a panel of well-characterized DENV Mabs (Mouse derived: 4G2, 3H5, DV2-46, human derived: DVC3.7, 1M7, DVC-10.16, 2D22 and 8A1). All tested DENV2 reactive Mabs ([Table 1](#pntd.0005071.t001){ref-type="table"}) were able to bind sRecE ([Fig 1C](#pntd.0005071.g001){ref-type="fig"}). The DENV-complex reactive envelope domain II (EDII) fusion loop binding Mabs (4G2 and DV2-46) and the envelope domain III (EDIII) binding Mabs 3H5, DVC3.7 and DVC10.16 all bound to sRecE. The highly neutralizing, DV2 specific human Mab 2D22, which binds to E protein dimer dependent quaternary epitope showed weak binding indicating that a small fraction of the protein may be present as E-protein homo-dimers. The DENV3 type-specific Mab 8A1 was used as a negative control. These results demonstrate that DENV2 sRecE is pure and displays conformational epitopes present on the monomer.

![Expression and characterization of sRecE.\
**A)** Schematic representation of the sRecE expression construct. The DENV2 prM sequence leads the DENV2 E ectodomain (aa1-395) that is equipped with a C-terminal His-tag. The prM/sRecE is N-terminally fused to the IL2-leader sequence. **B)** Purified sRecE was subjected to SDS-PAGE and analyzed with CBB and WB using a 4G2 mouse derived Mab. **C)** Purifed sRecE was loaded on a Ni^2+^ coated ELISA plate and analyzed with a panel of mouse and human derived Mab. 8A1 is a DENV3 specific Mab and was used as a negative control.](pntd.0005071.g001){#pntd.0005071.g001}
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###### Dengue specific monoclonal antibodies.

![](pntd.0005071.t001){#pntd.0005071.t001g}

  Mab                 M/H   Binding   Neutralization *(W/M/S)*   Binding region   Binding DENV serotypes   Ref               
  ------------------- ----- --------- -------------------------- ---------------- ------------------------ ----- ----- ----- ----------------------------
  ***4G2***           M     F-CR      W.                         DII FL           ++                       ++    +++   +++   \[[@pntd.0005071.ref035]\]
  ***3H5***           M     DV2       S/DV2                      DIII LR          \-                       +++   \-    \-    \[[@pntd.0005071.ref036]\]
  ***DV2-46***        M     DV2       M/DV2                      DI and DII       \-                       ++    \-    \-    \[[@pntd.0005071.ref037]\]
  ***DVC-3*.*7***     H     DV2       S/DV2                      DIII LR          \-                       ++    \-    \-    \[[@pntd.0005071.ref038]\]
  ***1M7***           H     D-CR      M.                         DII              +++                      ++    +++   +++   \[[@pntd.0005071.ref039]\]
  ***DVC-10*.*16***   H     D-C       S.                         DIII AS          \+                       +++   \+    \+    \[[@pntd.0005071.ref038]\]
  ***2D22***          H     DV2       S/DV2                      DI/DII Q         \-                       ++    \-    \-    \[[@pntd.0005071.ref040]\]
  ***8A1***           M     DV3       S/DV3                      DIII LR          \-                       \-    +++   \-    \[[@pntd.0005071.ref041]\]

A panel of well-defined mouse or human (M/H) derived Mabs were used to characterize sRecE epitopes. flavivirus cross reactive (F-CR), dengue cross reactive (D-CR), dengue complex (D-C), weakly, moderately or strong (W/M/S) neutralizing, E-domain I, II, III (DI, DII, DIII), fusion loop (FL), lateral ridge (LR), A-strand (AS), quaternary (Q).

Four different sized PLGA nanoparticles (80x320 nm, 80x180 nm, 55x70 nm and 200x200 nm) were produced using PRINT technology and analyzed by transmission electron microscopy (TEM) ([Fig 2A](#pntd.0005071.g002){ref-type="fig"}). The TEM images showed a monodispersed particle distribution for each particle size. To adsorb sRecE to the PLGA nanoparticles, variable sRecE/PLGA (w/w%) ratios were mixed together for 15 minutes at RT, keeping the amount of sRecE constant and decreasing particle amount to obtain higher sRecE/PLGA ratios. The adsorption efficiency was determined by the amount of non-adsorbed sRecE after the spinning down the particles ([Fig 2B](#pntd.0005071.g002){ref-type="fig"}). Up to a 4% w/w ratio resulted in nearly 100% adsorption efficiency for each particle size. The decrease in adsorption efficiency with increasing %w/w ratios (8% and 12%) was most likely caused by the excess of sRecE over the available particle surface.

![sRecE adsorption to PRINT PLGA nanoparticles.\
**A)** TEM analysis of 80×320 nm, 80×180 nm, 55×70 nm and 200×200 nm PLGA particles. **B)** sRecE was adsorbed to the PLGA nanoparticles in variable sRecE/PLGA (w/w%) ratios. Increasing sRecE/PLGA ratios were obtained by fixing sRecE and decreasing the particle mass. Adsorption efficiency was determined by the amount of non-adsorbed sRecE after the spinning down the particles.](pntd.0005071.g002){#pntd.0005071.g002}

PLGA-RecE induces a durable neutralizing antibody response {#sec017}
----------------------------------------------------------

Mice were immunized (subcutaneous) with 5 μg sRecE or 5 μg RecE adsorbed to nanoparticles of indicated size. The animals were boosted twice on day 21 and 63 and serum samples were taken on day 0, 21, 28, 70, 98, 154 and 210. DENV2 specific end point dilution (EPD) IgG titers were determined on day 28, 70, 98, 154 and 210. On day 70 (one week post the second boost), the 80x320 nm, 80x180 nm and 55x70 nm PLGA+RecE particles induced significant higher DENV2 specific IgG titers compared to sRecE ([Fig 3B](#pntd.0005071.g003){ref-type="fig"}). IgG titers induced by the 200x200 nm particle and adjuvanted sRecE (500 μg alum) were similar to those induced by sRecE. In general, IgG titers peaked at day 98 and remained elevated through day 210 ([Fig 3C](#pntd.0005071.g003){ref-type="fig"}).

![Long lasting IgG antibody titers induced by PLGA-RecE.\
**A)** Mice were immunized (subcutaneous) with 5 μg sRecE or 5 μg RecE adsorbed to PLGA particles. Animals were boosted with similar doses at day 21 and day 63 and mice were blead on indicated time points. **B-C)** DENV specific IgG end point dilution titers were determined at day 28, 70, 98, 154 and 210. Statistical differences were determined by one-way ANOVA followed by Tukeys test (p\<0.05).](pntd.0005071.g003){#pntd.0005071.g003}

The neutralizing activity of the sera collected at day 70 and day 210 was determined in a Vero-cell based neutralization assay and was expressed as the dilution where 50% (Neut~50~) of the virus was neutralized by antibodies in the sera. Mice immunized with the sRecE induced a mild neutralizing antibody response, which was increased with the addition of alum. At day 70 ([Fig 4A](#pntd.0005071.g004){ref-type="fig"}), the 80x180, 55x70 and 200x200 PLGA particles decorated with sRecE induced significant higher neutralizing antibody titers than soluble sRecE. The PLGA 80x320+sRecE group showed differences between individual animals, but the group average was in the same order of magnitude as the other particulate groups. The high levels of neutralizing antibodies in the nanoparticle vaccinated animals was maintained through day 210 ([Fig 4B](#pntd.0005071.g004){ref-type="fig"}), 21 weeks post 2^nd^ boost. These results demonstrate that sRecE adsorbed onto PRINT nanoparticles induced durable DENV2 neutralizing antibodies that were significantly higher than the levels maintained in animals that received the soluble antigen alone.

![PLGA-RecE induces a long lasting neutralizing antibody response.\
The neutralizing activity of the mice sera was determined by a neutralization assay where DENV is incubated with serially diluted sera and subsequently allowed to infect Vero cells. Neutralizing activity was expressed as the dilution where 50% of the virus was neutralized (Neut~50~). **A)** At day 70 post immunization, 1 week post 2^nd^ boost and **B)** at day 210, 20 weeks post 2^nd^ boost. Statistical differences were determined by one-way ANOVA followed by Tukeys test (p\<0.05).](pntd.0005071.g004){#pntd.0005071.g004}

sRecE induces a DENV2 specific neutralizing antibody response {#sec018}
-------------------------------------------------------------

The immune sera was analyzed for its ability to neutralize the other three DENV serotypes ([Fig 5](#pntd.0005071.g005){ref-type="fig"}). Although the induced IgG response showed some mild cross-reactivity ([S1 Fig](#pntd.0005071.s002){ref-type="supplementary-material"}), the neutralizing antibody response was strictly directed against DENV2 and showed no or poor cross-neutralization against the other DENV serotypes.

![Cross-neutralization of RecE induced IgG antibodies.\
The capability of the cross reactive antibodies to neutralize DENV1, DENV2, DENV3 or DENV4 was tested in a neutralization assay using Vero cells. Neutralizing activity was expressed as the dilution where 50% of the virus was neutralized (Neut~50~).](pntd.0005071.g005){#pntd.0005071.g005}

sRecE adsorption increases bio-availability in the draining lymph nodes {#sec019}
-----------------------------------------------------------------------

We monitored the antigen in vaccinated animals to estimate bioavailability and efficiency of trafficking to lymph nodes. sRecE was fluorescently labeled and subsequently adsorbed to PLGA particles. After the indicated time points post footpad inoculation, the draining popliteal lymphnodes (PLNs) were isolated and analyzed for the presence of antigen ([Fig 6A](#pntd.0005071.g006){ref-type="fig"}). Similar rapid initial drainage of antigen was observed for both sRecE and particle-adsorbed RecE at 1 hr post injections. However, the PLNs of mice inoculated with the sRecE mono-subunit was clearly detectable at 6 hr, yet undetectable at 24 hr post inoculation. The adsorption of sRecE to PLGA particles, regardless of size or shape, clearly increases bio-availability in the PLNs, since the antigen was still detected at 72hr post inoculation. Analysis of the inoculation site showed corresponding antigen presence, relative between the different groups ([Fig 6B](#pntd.0005071.g006){ref-type="fig"}). Particulate sRecE was detected longer in the footpad compared to its soluble counterpart.

![Bioavailability of sRecE and PLGA-RecE in PLNs and injection site.\
**A)** sRecE was tagged with Alexa Fluor 647 and adsorbed to PLGA nanoparticles and inoculated into to footpad. At indicated time points, the draining popliteal lymph nodes (PLNs) were isolated and analyzed for total fluorescence. The upper panel comparing sRecE and 80×320 nm PLGA-RecE is representative for the measure of antigen presence in the PLNs. The comparison of all nanoparticle sizes is depicted in the lower panel. **B)** The foot pads were analyzed at similar time points to analyze the bio-availability at the inoculation site. Statistical analysis was done by two-way ANOVA followed by Bonferroni posttests. \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](pntd.0005071.g006){#pntd.0005071.g006}

Discussion {#sec020}
==========

Yearly, over 300 million people are infected with DENV of which \~ 100 million symptomatic and 500,000 to 1 million develop severe disease resulting in \~25,000 deaths. Several groups are performing clinical trials with TV-live attenuated dengue vaccines. The leading candidate had lower efficacy against serotype 2 and also overall poor efficacy in young children \[[@pntd.0005071.ref010]\], highlighting the importance of exploring new vaccine platforms. The use of nanotechnology in vaccine development has taken a rise in recent decades. Instead of using whole or live virus formulations to induce immunological protection against infectious diseases, subunit or subviral particle based platforms provide elegant and safe alternatives that have been proven efficacious against a large variety of viral pathogens \[[@pntd.0005071.ref042]--[@pntd.0005071.ref047]\].

In this study we explore the use of PLGA nanoparticles that are decorated with DENV2 E protein subunits. PRINT produced PLGA nanoparticles outperforms other nanoparticle production systems such emulsion, nanoprecipitation or spray-drying, in the control of particle shape and size uniformity \[[@pntd.0005071.ref021],[@pntd.0005071.ref024]--[@pntd.0005071.ref028]\]. The DENV-E protein is a large membrane-interface glycoprotein that regulates receptor recognition and viral fusion. In addition it is the major antigenic determinant for the development of a potent neutralizing antibody response. The purified sRecE antigen displayed conformational epitopes on EDII and EDIII targeted by human and mouse Mabs. Human Mab 2D22 binds to a quaternary structure epitope that is only displayed on E protein homo-dimers \[[@pntd.0005071.ref048]\]. Mab 2D22 bound weakly to sRecE demonstrating the formation of some sRecE dimers.

Immunization with PLGA-RecE resulted in higher DENV IgG titers and DENV2 specific neutralizing antibodies than in animals vaccinated with the soluble antigen alone. At day 210 (the last time point tested) levels of neutralizing antibodies induced by PLGA-RecE were comparable to adjuvanted sRecE or on the case of 80x320 PLGA particles superior to adjuvanted sRecE. The inclusion of adjuvants in successive studies will reveal to what extend we can augment the PLGA-carrier capabilities.

Previous studies have demonstrated that size and shape of the nanocarrier influence processes such as cellular uptake and transport \[[@pntd.0005071.ref020],[@pntd.0005071.ref049]--[@pntd.0005071.ref051]\]. However, we did not observe a significant effect of PLGA particles size and shape on DENV E specific antibody responses. We did observe a trend of the 55 x 70 nm particles inducing higher levels of binding antibodies and the 80 x 320 nm particles inducing higher levels of neutralizing antibody although further studies are need to more precisely determine effects of particle properties on DENV immunogenicity.

In people exposed to primary DENV infections or monovalent vaccines, serotype-specific neutralizing antibodies have been implicated in durable protective immunity \[[@pntd.0005071.ref008]\]. Therefore, we characterized specificity of the neutralizing antibody response to our monovalent (DENV2) vaccine antigen. Regardless of particle shape and size, PLGA-RecE induced neutralizing antibodies that were mainly DENV2 specific, indicating that the neutralizing response was targeted to unique epitopes on DENV2. Next we will directly test the efficacy of the PGA vaccine in mouse models of DENV infection and disease In these follow-up challenge studies, we will look more closely into the properties of the neutralizing antibodies, such as epitope specificity, antibody affinity and IgG isotype. We will also analyze the breadth of the response by testing if different genotypes of DENV2 are neutralized by the vaccine. Studies are also planned to test if tetravalent mixtures of PLGA-RecE can be used to induce a balanced and type-specific neutralizing responses to all 4 serotypes.

To better understand the mechanism responsible for the increased immunogenicity of the PLGA groups, we analyzed antigen uptake by mouse bone marrow derived dendritic cells (BMDCs), and followed the drainage of antigen from the footpad inoculation site to the PLNs. *In vitro*, both sRecE and PLGA adsorbed RecE were readily taken up by BMDCs ([S2 Fig](#pntd.0005071.s003){ref-type="supplementary-material"}), indicating that uptake into these antigen presenting cells was unlikely to be responsible for the enhanced immunogenicity of the PLGA vaccine. PLGA adsorbed sRecE was detected at the site of vaccination and in the draining lymph nodes for much longer than sRecE alone indicating that extended bio-availability was most likely responsible for the enhanced antibody responses in PLGA vaccinated animals. We propose that PLGA vaccination leads to the formation of an antigen depot at the inoculation site and gradual release of antigen, whereas the soluble antigen alone is efficiently cleared after vaccination.

In this study we show that PRINT produced PLGA particles decorated with DENV2 sRecE are an effective platform to increase immune responses targeted against sRecE even in the absence of any adjuvant. Using this strategy we were able to induce long lasting serotype specific neutralizing antibody responses by increasing the bio-availability of the antigen. We clearly show the added effect of particulation on raised immune responses and antigen trafficking. Though only focusing on DENV2, these findings form the basis of further studies towards the other serotypes and might form the basis of a safe and efficacious dengue virus candidate. In addition, this platform can be used to develop safe vaccine candidates for other flaviviruses such as Zika virus, where pregnant women are the target group for vaccination.

Supporting Information {#sec021}
======================

###### Physicochemical characterization of PLGA particles.

PRINT produced PLGA nanoparticles of indicated sizes were examined by Nano zetasizer for dynamic light scattering (DLS), poly dispersity index (PDI) and Zeta potential.

(DOCX)

###### 

Click here for additional data file.

###### Cross-reactivity of sRecE induced IgG antibodies.

The capability of the cross reactive antibodies (at week 30 post immunization) to detect DENV1, DENV2, DENV3 or DENV4 was tested by a DENV specific capture ELISA.

(TIF)

###### 

Click here for additional data file.

###### sRecE uptake by BMDCs.

sRecE was tagged with Alexa Fluor 647 and adsorbed to PLGA nanoparticles. Bone marrow derived dendritic cells were mixed with the particles and analyzed with fluorescence microscopy to determine antigen uptake.

(TIF)

###### 

Click here for additional data file.
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